The DNA of bacteriophage Mu has been studied to characterize a region of inhomogeneous sequence that occurs at one end of the molecule. The kinetics of reassociation of tracer amounts of labeled host DNA in the presence of Mu DNA show that Mu DNA contains a complete selection of host sequences. These host sequences are shown to be covalently attached to phage-specific sequences and are present at a concentration that accounts for the inhomogeneity observed in the electron microscope. The significance and possible function of the host DNA attachment is discussed.
The DNA of bacteriophage Mu has been studied to characterize a region of inhomogeneous sequence that occurs at one end of the molecule. The kinetics of reassociation of tracer amounts of labeled host DNA in the presence of Mu DNA show that Mu DNA contains a complete selection of host sequences. These host sequences are shown to be covalently attached to phage-specific sequences and are present at a concentration that accounts for the inhomogeneity observed in the electron microscope. The significance and possible function of the host DNA attachment is discussed.
The DNA extracted from purified virions of bacteriophage Mu is not completely homogeneous with respect to base sequence. When the DNA is denatured, reannealed, and observed in the electron microscope, virtually all the reassociated structures have single-stranded split ends at one end of the molecule measuring between 2 and 5% of the total length of the molecule (thus between 500 and 1,000 base pairs) (8) . These heteroduplex structures indicate that Mu DNA carries a large assortment of sequences at one end, differing from molecule to molecule. This inhomogeneity is present whether Mu is grown by induction from a prophage in a cloned lysogen, or grown by lytic infection.
A likely source of the inhomogeneous DNA attached to phage-specific DNA is the host chromosome. This is a particularly attractive hypothesis since Mu is known to integrate its DNA randomly throughout the genome of its host, Escherichia coli (3, 6, 10) .
A precise way of characterizing nucleic acid sequences as to source, specificity, and frequency of occurrence is by studying kinetics of reassociation (5) . The presence of specific sequences within a large genome can be detected and quantitated by annealing with labeled, specific sequences as a probe (11) . By using these techniques, we were able to show that Mu DNA contains E. coli sequences covalently attached to Mu-specific sequences, and that these sequences represent the entire E. coli chromosome in an apparently random selection. (12, 13 ) from a cloned lysogen. The site of integration was not determined, but reannealing data indicates that the strain used is a monolysogen (Daniell, unpublished data) . The phage was precipitated with polyethylene glycol and purified by banding in cesium chloride (9) . The phage were then dialyzed against 0.01 M Tris (pH 7.5) and 0.01 M Mg2+, and was extracted three times with freshly distilled, water-saturated phenol and once with chloroform, and the DNA was dialyzed against 10-3 M EDTA.
Preparation of E. coli DNA. A nonlysogenic strain of E. coli W3110, the parent strain of the host from which Mu was induced, was grown to stationary phase in LB broth (3) . The cells were centrifuged and washed twice in 0.1 M Tris and 0.1 M NaCl buffer, and the DNA was extracted by a modification of the procedure of Kohne (16 Shearing and sizing of DNA. Unless otherwise specified, DNA was sheared by forcing through a 25-gauge syringe needle several times, followed by sonication with a Branson sonifier (LS 75) at highest power. Sonication was performed in an ice bath for three cycles of 15 s each, spaced 1 min apart to prevent overheating of the DNA. The size of the resulting fragments (300 to 500 base pairs) was checked by electron microscopy.
DNA-DNA reassociation kinetics. The theory and practice of DNA reannealing is fully described in Kohne and Britten (17) . Details of different experiments are given in figure legends. DNA from both single-and double-strand aliquots was collected and radioactivity was counted. When eluted DNA was to be reused, sodium dodecyl sulfate was omitted from the eluting buffer.
S endonuclease. S endonuclease was the kind gift of Roy Britten. Properties of the enzyme and conditions for its use are described in Britten et al. (4) .
RESULTS
Reassociation of 32P-labeled E. coli DNA in the presence of Mu DNA. Figure 1 shows the kinetics of reassociation of radioactively labeled E. coli DNA under conditions such that the reassociation must be driven by E. coli sequences in the Mu DNA present in the renatu-C ot (mnole X sac / liter) FIG. 1. Reassociation of 32P-labeled E. coli DNA in the presence of Mu DNA. Nineteen optical density units per milliliter of unlabeled, sonicated Mu DNA and 5 x 10-' optical density units per ml of 32P-labeled E. coli DNA were mixed and denatured. A small amount of 9H-labeled Mu was present so that completeness of denaturation at zero time and rapid renaturation of Mu could be monitored easily. The denatured DNA was incubated at 70 C in 0.48 M P04 buffer, with aliquots taken at specified times and diluted into cold 0.14 M PO4 buffer (3 ml). The fraction of reannealed, labeled DNA in these diluted aliquots was measured by binding of the DNA to hydroxyapatite at 60 C. The cross (x) represents the reassociation of 3H-labeled Mu DNA at the first time point (20 min = 3.2 Cot Mu DNA). Closed circles (0) represent the reassociation of 32P-labeled E. coli DNA driven by the unlabeled Mu DNA present. Open circles (0) show the reassociation of the same amount of E. coli DNA in the presence of sheared, denatured chick DNA. Aliquots taken at zero time had 32P-labeled E. coli less than 1% associated and 3H-labeled Mu less than 4%. Approximate fraction of Mu virion DNA consisting of host sequences. Under a given set of conditions of renaturation (salt concentration, temperature, DNA fragment length), DNA of a given complexity has a characteristic Cot at which half the DNA is reassociated (COt½,) (5) .
To determine the fraction of E. coli DNA in Mu DNA from the reassociation of labeled bacterial DNA, we analyzed the kinetics of reassociation of labeled bacterial DNA in the presence of a measured amount of cold bacterial DNA sheared and renatured under conditions as much as possible like those in the experiment with phage DNA. The results are shown in Fig.  2 . The Cot, is taken from the graphed results to be 0.7 (mole times seconds/liter). In the reassociation driven by Mu DNA, at the point where 50% of 32P-labeled E. coli has associated, the Cot of Mu DNA was 14 mol x s/liter (Fig.  1) . Because the rate of reassociation of a parlicular species of DNA under fixed conditions is a fixed parameter, the CJt of E. coli sequences in the mixture at this point must be 0.7 mol x s/liter. The fraction of Mu DNA renaturing as E. coli sequences is 0.7/14 or 5%. This agrees, within our experimental accuracy, with the length measurements of the split ends in electron microscopy preparations of Mu heteroduplexes (10) .
Covalent attachment of the host sequences to Mu DNA. The aim of these experiments was to characterize the DNA appearing as split ends in heteroduplexes. It was necessary to assure that the host sequences we detected in Mu by Cot analysis were covalently attached to phagespecific DNA. Since Mu is a generalized transducing phage, we had to consider another source for these E. coli sequences. Co-transduction frequencies suggest that much of the transduction is accomplished by pieces of DNA the length of the whole Mu genome (13), presumably in the form of pseudovirions (host DNA packaged without Mu DNA).
In tact. The experiment is outlined schematically in Fig. 3 press) after induction of Mu clts and after lytic infection. They apparently include the replicating DNA. Host DNA in the virion may be a result of packaging from the Mu-host intracellular forms.
Loss and acquisition of new host sequences during phage multiplication can explain the failure of attempts to isolate specialized transducing phages of Mu. Analysis of generalized transduction frequencies has been done in hopes of determining whether the original molecules excised from the chromosome on induction of the prophage retain host sequences, but the results are ambiguous (M. Howe, personal communication). Physical studies may clarify this.
Do the host sequences have a function in integration? The site of integration of Mu is not directly determined by homology with the host sequences, as an infecting Mu phage will integrate at a normal frequency into regions completely missing in the host on which the phage was previously grown (E. Daniell, unpublished data; M. Howe, personal communication). More direct experiments are needed to ascertain possible involvement of host sequences in integration. The DNA of other lysogenizing phages has been shown to be infectious and capable of integration. If this is true for whole Mu DNA, it would be of great interest to see whether selective removal of host sequences (by denaturation, reannealing, and use of singlestrand nuclease) would affect the ability of the DNA to lysogenize.
Evidence that the inhomogeneous ends of Mu consist of host-specific sequences has also been obtained by Ernesto Bade (Fed. Proc. 33:1487 .
